The tip vortices and aerodynamics of a NACA0012 wing in the vicinity of the ground were studied in a wind tunnel. The wing tip vortex structures and lift/drag forces were measured by a seven-hole probe and a force balance, respectively. The evolution of the flow structures and aerodynamics with a ground height were analyzed. The vorticity of tip vortices was found to reduce with the decreasing of the ground height, and the position of vortex-core moved gradually to the outboard of the wing tip. Therefore, the down-wash flow induced by the tip vortices was weakened. However, vortex breakdown occurred as the wing lowered to the ground. From the experimental results of aerodynamics, the maximum lift-to-drag ratio was observed when the angle of attack was 2.5
1
The CDGE is mainly caused by the increasing of static pressure on the lower side of the wing and creates an aircushion when the ground clearance decreases. This results in ram effect and gives rise to higher lift. On the other hand, in SDGE the tip vortex will be bounded by the ground, and the strength of tip vortex decreases. Therefore, the wing appears to have higher effective aspect ratio as compared to its geometric aspect ratio. Meanwhile, the downwash flow in the wake is also suppressed, which results in an increase of the effective angle of attack. The consequence of these phenomena leads to the reduction of induced drag force. Being the sum of profile drag and induced drag, the total drag force is also reduced. Therefore, the increasing of the lift-to-drag ratio of a wing is caused by the superposition of SDGE and CDGE.
Some studies related with the aerodynamics and tip vortices of three-dimensional wings in ground effect have been reported in recent decades. Zhang et al. 2 investigated the tip vortices of a cambered, single element wing operating in ground effect using a range of methods including PIV, LDA and flow visualization. The wing was placed suction surface down, the down-force of the wing was measured by a surface pressure system and a force balance as well. They found that the down-force was affected by the presence of tip vortices. The tip vortices induced an up-wash flow on the wing, leading to an a) Email: sunruimin@shu.edu.cn. b) Corresponding author. Email: daichin@staff.shu.edu.cn.
effective reduction in the incidence flow in the wake, and vortex breakdown occurred as the wing was lowered to the ground. Jung et al.
3 studied the aerodynamic characteristics, as well as the influence of endplates to the aerodynamics of a wing with NACA6409 section in the vicinity of the ground. The lift/drag forces, the pitching moment and the center of pressure were measured, and a smoke trace test was conducted to visualize the flow pattern of tip vortices. As a result of the ground effect, the lift-to-drag ratio increased at low ground clearance, and the center of pressure moved forward to the leading edge. The smoke trace tests showed that the presence of an endplate restrained the rolling up of the vortex along the wing tip and reduced the tip vortex. In addition, Gu et al. 4 studied the wing tip vortex using a seven-hole probe, and suggested that the strength of the tip vortices can be effectively reduced by the control of vortex diffusers.
The present study focuses on the performance of the tip vortex structures and SDGE of a NACA0012 wing in the vicinity of ground, and the aerodynamic characteristics of the three-dimensional wing will be investigated as well. The velocity distributions of the tip vortices were measured using a seven-hole probe. The lift and drag forces were acquired by a three-component overhead balance system. The results for seven-hole probe testes were performed for a range of ground clearance and angle of attack, from h * = 0.05 to h * = 1.0 and α = 0
• to α = 12.5
• .
The experiments were carried out in the circulating wind tunnel at Shanghai University. The experimental setup is illustrated in Fig. 1 . The maximum flow velocity of the wind tunnel is 25 m/s. The mean velocity at the test section can be controlled with an accuracy of 0.5. All the wind tunnel tests were conducted at a constant free stream velocity of V ∞ = 15 m/s, which corresponds to a Reynolds number of Re = 1×10 5 based upon the chord length of the wing. The free stream turbulence level at the velocity of 15 m/s was found to be about 0.02%. The dimensions of the wind tunnel test section are 400 mm×400 mm×1700 mm. Two traversing systems were provided on top of the test section for adjusting the ground clearance, the angle of attack and for moving the seven-hole probe automatically. The tests were performed on a wing with NACA0012 section of span b = 200 mm, and chord c = 100 mm. The model wing was mounted at one-quarter of a chord length from the leading edge using a suspension structure. A fixed board was used to simulate the ground, and its leading edge had a splitter angle of 30
• . The flow structures of the tip vortices were surveyed by a seven-hole probe, which scanned two cross sections normal to the incidence flow direction in the downstream of the wing. And the positions of two cross sections being scanned were 10 mm and 110 mm (x/c = 0.1 and x/c = 1.1) behind the trailing edge of the wing. The scanned area of each cross section was 140 mm×100 mm with a step of 4 mm, in order to acquire the three-dimensional velocity distributions and vorticity distributions. For the case of h * = 0.1, it is observed that the diameters of the vortex core increase significantly alone the main flow direction, the strength of the tip vortices decreases in terms of vorticity level, and the tip vortices have an tendency of dilate at the downstream. The phenomena indicate the feature of tip vortex dissipation as the downstream distance is increased. However, the diameter and strength of the tip vortex core remain relatively unchanged for the case of h * = 1.0 on two cross sections being scanned. The phenomena imply that the tip vortex will breakdown faster with stronger ground effect.
Meanwhile, it is found that the vortex core moves outboard of the wing tip obviously alone the wake flow for h * = 0.1, which will lead to the increasing of the distance between the pair of vortices at two tips of the wing. As the angle of attack is decreased, the outboard displacement of the vortex core also decreases. On the contrary, the position of vortex core shifts slightly inboard for the case of h * = 1.0. Figure 5 shows the velocity fields and vorticity distributions for angle of attack 0
• at x/c = 0.1, where the ground clearances are h * = 0.1 and h * = 1.0 respectively. The tip vortices are not observed from the velocity fields in both cases, and the vorticity levels are lower compared with the former cases.
Figures 6 and 7 plot the maximum vorticities in the tip vortex cores as a function of the ground clearance for each angle of attack. The curves clearly present the rules of the variation in the vorticity. For all the angles of attack larger than 2.5
• , the maximum vorticities increase rapidly with the increasing of ground clearance until h * = 0.3 is reached in section x/c = 0.1, afterwards the vorticities almost keep invariably as the ground clearance is increased. In section x/c = 1.1, the vorticities keep increasing when the ground clearance is lower than h * = 0.5. Therefore, for each cross section in present study, the ground clearances h * = 0.3 and h * = 0.5 may be considered as the thresholds of ground inhabitation to the tip vortices, and the suppression of the ground to the tip vortices is weakened as the ground clearance is higher than the thresholds. However, for the angle of attack 2.5
• , it is clear from the curves that the vorticities increase with h * until the maximum value is obtained near h * = 0.5 in both cross sections, beyond which there is a reduction in vorticities. From the overall test results, as the angle of attack is increased, the strength of tip vortices also increases.
In Fig. 8 , the lift coefficients C L of each angle of attack are compared as a function of the ground clearance. For the angles of attack between 5.0
• and 12.5
• , the lift coefficient C L is found to be increasing monotonously with the decreasing of ground clearance. However, for the angle of attack 2.5
• , it is interesting to note that the lift coefficient C L experiences an increase at the first stage, and then a maximum at h * = 0.5, followed by a reduction as the wing approaches the ground, and it increases again from h * = 0.1 to h * = 0.05. And for the angle of 0.0
• , C L is minus for all the ground clearances lower than h * = 1.0, and its magnitude continues to increase with the reduction of h * . This is due to the area between the wing and the ground forms a convergentdivergent passage, and its effect is more prominent to lower ground clearance. 5 Then the flow velocity is accelerated in the clearance, leading to the enhancement of down-force acting on the wing. Figure 9 plots the variation of the drag coefficient C D with the ground clearance, for different angles of attack. For the angles of attack 12.5
• , 7.5
• and 5
• , the drag coefficient does not show much variation initially with the decreasing of ground clearance, and then at lower values of h * between 0.3 and 0.2, the drag coefficient C D starts increasing to a maximum at h * = 0.1 and followed by a reduction. For the angles of attack 2.5
• and 0.0 • , the drag coefficient increases as the As the wing experiences down-force at an angle of attack of 0.0
• in ground effect, its lift-to-drag coefficients are minus for all the ground clearances lower than h * = 1.0, and the minimum is observed at h * = 0.5. And for the angle of attack 2.5
• , we noticed that L/D has the high- est value compared with other angles of attack at all the ground clearances between h * = 0.1 and h * = 1.0, and its maximum is reached at the ground clearance h * = 0.2. The variations of L/D for other angles of attack are not obvious. Figure 11 shows the variation of the lift-to-drag ratio with the angle of attack α for each ground clearance. It is found that the curve for h * = 1.0 passes through the origin of coordinates, which indicates that the ground effect has disappeared for the angle of attack 0.0
• . And L/D reaches its maximum near angle of attack 2.5
• for all the cases of ground clearance, and then reduces with the increasing angle of attack. There is a slight increasing of L/D between angles of attack 
5.0
• and 7.5
• . In summary, the tip vortices and aerodynamics of a NACA0012 wing in ground effect were investigated experimentally. By analyzing the vorticity distributions and lift/drag forces, the following conclusions can be drawn from the present study:
(1) The dissipation of tip vortices for smaller ground clearance (h * = 0.1) is faster than that for larger ground clearance (h * = 1.0). (2) The vortex core shifts outboard of the wing tip due to being bounded by the ground, and the outboard displacement decreases with the reduction of the angle of attack. It implies that the increasing of the angle of attack will intensify the flow suppression beneath the wing.
(3) The aerodynamic characteristics suggests that the optimum regime of flight wing will be achieved at an angle of attack 2.5
• and ground clearance of h * = 0.2 for the wing with aspect ratio 2. 
